Resilience to noise and to decoherence processes is an important ingredient for the implementation of quantum information processing, and quantum technologies. To this end, techniques such as pulsed and continuous dynamical decoupling have been proposed to reduce noise effects. In this paper, we suggest a new approach to implementing continuous dynamical decoupling techniques, that uses an extra control parameter; namely, the ability to shape the time dependence of the detuning. This approach reduces the complexity of the experimental setup, such that we are only left with noise originating from the frequency of the driving field, which is much more robust than the amplitude (Rabi frequency) noise. As an example, we show that our technique can be utilized for improved sensing.
INTRODUCTION
Pulsed dynamical decoupling [1] [2] [3] [4] [5] [6] [7] [8] [9] has been used to compensate for fundamental noise sources in different quantum architectures. An alternative approach to the pulsed scheme is continuous, where the system is driven with a protecting dressing field for the entire duration of the experiment [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In continuous dynamical decoupling an energy gap is opened in the dressed state basis, protecting against the first order contribution of slowly varying noise in a perpendicular direction. However, the new energy gap suffers from Rabi frequency fluctuations, resulting in additional noise which is not compensated for. One way to overcome this problem is known as concatenated continuous dynamical decoupling [21] [22] [23] [24] [25] [26] , in which a smaller perpendicular energy gap is opened iteratively in each stage to compensate for the Rabi frequency noise of the previous dressing field. As a result we are left with the Rabi frequency noise of the last dressing fields, which is reduced. However, this comes at the high cost of the complexity of operating with many driving fields, and the resulting reduced energy gap, which forces us to operate slower than it; i.e., all the quantum operators must be slower than the last energy gap we opened.
In this manuscript we present an alternative approach to use continuous dynamical decoupling which eliminates the difficulties associated with the regular concatenated approach: the complexity, and the reduced protecting energy gap. To this end, rather than using many driving fields, we propose using only a single driving field as protection from the slowly varying noise in a perpendicular direction. To compensate for the Rabi frequency noise of this driving field, we suggest utilizing the arbitrary waveform generator (AWG), to add a time dependent phase to the driving field, yielding a time-dependently detuned driving field. This time-dependent detuning behaves like the second driving field of the concatenated dynamical decoupling scheme; but, due to the enhanced accuracy of the AWG, the noise originating from the detuning is assumed to be negligible, thus removing the need to refocus it.
REGULAR CONCATENATED DYNAMICAL DECOUPLING
We consider a two-level system with an ambient magnetic field noise in the z direction
To compensate for this noise, which causes dephasing, we can use the continuous dynamical decoupling approach, in which we drive the system resonantly, in a perpendicular direction to the noise ( Fig. 1 ):
Therefore, in the rotating frame with the bare energy gap, after using the rotating wave approximation (RWA), Ω 1 ω 0 , the system is described by (Fig. 1 )
In the limit where the DC power spectrum of the ambient magnetic field noise is small compared to the Rabi frequency, S δ B(t) (0) Ω 1 , thus we are decoupled from this noise to the first order, and we are left with a negligible contribution of the power spectrum of S δ B(t) (Ω 1 ) S δ B(t) (0). In other words, the ambient magnetic field noise is suppressed by the energy gap that is opened in the dressed state basis. However, the protecting field has its own Rabi frequency noise δ Ω 1 (t)σ x , which causes dephasing as well, thus reducing the coherence time. To compensate for the Rabi frequency noise, Cai et al. [21] proposed driving the system with a second driving field, in a perpendicular direction to the first one, (Fig. 1 ) e.g.:
Therefore, in the two rotating frames, the first one with the bare energy gap, and the second one with the dressed state energy gap, we obtain ( Fig. 1 ) after using the RWA, Ω 2 Ω 1 . Similarly to the above arguments, the new energy gap in the double-dressed state basis compensates for the Rabi frequency noise of the first protecting field, and we are left with the reduced Rabi frequency noise of the second driving field δ Ω 2 (t) δ Ω 1 (t).
Now the concatenation of these two protecting driving fields can be considered for more driving fields by induction. Each additional driving field will further reduce the dephasing noise. However, the drawbacks of this scheme are the complexity of operating with many driving fields, and the need to carry out additional quantum operations (e.g. quantum gates) slower than the last protecting energy gap. In what follows we describe an improved approach, in which these drawbacks are eliminated.
CONTINUOUS DYNAMICAL DECOUPLING WITH A TIME DEPENDENTLY DETUNED DRIVING FIELD
Rather than using many driving fields in order to be left with a reduced dephasing noise, we suggest driving the system with a only single driving field. Utilizing an AWG, a signal having a very accurate time dependent phase φ (t) can be generated. This results in a time dependently detuned driving field, whose Rabi frequency fluctuates
with
As will be shown below, the Rabi frequency of the driving field Ω 1 suppresses the ambient magnetic field noise δ B(t)σ z , whereas the time dependent phase φ (t) suppresses the Rabi frequency noise δ Ω 1 (t)σ x . Figure 2 . New continuous dynamical decoupling scheme. By applying a single, time-dependently detuned driving field (Eq. 6) we open both an energy gap in the dressed state basis, and in the double dressed state basis (Eq. 9), to suppress the noise in the bare basis, and the noise in the dressed state basis, respectively. Now, the fluctuations in the double dressed state basis are assumed to be further reduced compared to the regular scheme (Fig. 1) , since they originate from the highly accurate time separation of the AWG rather than the driving field amplitude noise.
By moving to the interaction picture with respect to H 0 = (ω 0 + 2Ω 2 cos Ω 1 t) σ z /2, with the transformation unitary
we obtain ( fig. 2 )
which is achieved after using the RWA, Ω 1 ω 0 and neglecting the counter-rotating terms. At this stage, we have reached the same point as the regular concatenated dynamical decoupling approach with two driving fields, although we only used a single one. Thus, the third term of Eq. 9 is the energy gap, which is opened in the dressed state basis, and protects against the ambient magnetic field noise (the second term of Eq. 9). The first term of Eq. 9 behaves like the second driving field that protects against the Rabi frequency noise (the last term of Eq. 9), as can be seen by following the derivation in the previous section. Unlike regular concatenated dynamical decoupling, the current protection (the first term of Eq. 9) originates from the time-dependent detuning, where the noise is assumed to be negligible. Hence there is no need to continue to concatenate further protecting driving fields. Note that a naive approach in which the AWG generates the time dependent phase and imprints it onto a resonant source (Ω 1 cos ω 0 t), would introduce an enhanced amplitude noise δ Ω 2 (t). Rather, the AWG must generate the whole driving function; namely, the time dependently detuned driving field (last term of Eq. 6). In this way, the amplitude noise of the RWA gives rise to an enhanced δ Ω 1 (t) alone, which is compensated for. However, it does not affect δ Ω 2 (t), which as a result, is reduced.
NUMERICAL SIMULATION
We numerically verified that our scheme results in an improved coherence time, by simulating its implementation with a two-level system that is subject to both magnetic noise and power fluctuations of the driving field. The noise, B (t), was simulated as an Ornstein-Uhlenbeck (OU) process [27, 28] with a zero expectation value, B (t) = 0, and a correlation function B (t) B t = cτ 2 e −γ t−t , where c is the diffusion constant and τ = 1 γ is the correlation time of the noise. The OU process was realized by an exact algorithm [29] , which according to
where n is a unit Gaussian random number. We used a pure dephasing time of T * 2 = 3 µs, and a correlation time of the noise of τ = 25 µs (diffusion constant is given by c ≈ ).
An OU process was also used to realize driving fluctuations. Here we used a correlation time of τ Ω = 500 µs, and a relative amplitude error of δ Ω = 0.5% (diffusion constant is given by c Ω = 2δ Ω τ Ω ). In case that dynamical decoupling is not employed (no driving fields), the Hamiltonian is given by
Our simulation agrees with the theoretical model and shows that this results in a pure dephasing time of T * 2 = 3µs (see Fig. 3 ). We continued by adding a single on-resonance driving field with a Rabi frequency of Ω 1 = 10 MHz. In this case we have that
were Ω 1 δ 1 (t) = δ Ω 1 (t) in Eq. 5. In Fig. 4 (Fig. 5 ) the result of a simulation without (with) driving fluctuations is shown. The analytical function of the dephasing rate due to magnetic noise under a strong driving field is known [30, 31] , and in this case the coherence time is given by T 2 = 170µs (green line in Fig. 4) . Driving fluctuations, however, constitute the major source of dephasing. The coherence time due to driving fluctuations alone would be T 2 = 57µs (blue line in Fig. 4) and together with the effect of the magnetic noise, a single drive obtains T 2 = 50µs (red line in Fig. 4) . In case of a concatenated double-drive, driving fluctuations of the second driving field constitute the major source of dephasing. The Hamiltonian is given by
were
The simulation shows that the a concatenated double-drive results in T 2 450µs, where we used a second drive with a Rabi frequency of Ω 2 = 1 MHz (see Fig. 6 ). In our scheme there is no first order dephasing rate of the doubly-dressed states because there are no fluctuations in Ω 2 . The dephasing now comes mostly as a second order effect of the fluctuations in Ω 1 . Indeed, our simulation suggests that in this case a coherence time of T 2 1000µs is attained (see Fig. 7 ).
UTILIZING THE TIME DEPENDENT DETUNING FOR MAGNETOMETRY
In a magnetometery experiment, a signal whose amplitude is related to the magnetic field is measured. In the following, we propose two ways to perform magnetometry experiments while utilizing the protecting time dependently detuned driving field to increase the coherence time, which results in a better sensitivity. 
First magnetometry approach
The first magnetometry approach is realized by measuring a magnetic field polarized in the z direction with frequency ω d . Thus, the Hamiltonian of the bare energy, the protecting time dependently detuned driving field (Eq. 6), and the z signal reads H = ω 0 2 σ z + Ω 1 σ x cos ([ω 0 + 2Ω 2 sincΩ 1 t]t) + gσ z cos ω d t,
where we have omitted the noisy terms.
Following the same derivation steps, by first moving to the first interaction picture (Eq. 8), the signal is not affected, and we obtain H I = −Ω 2 σ z cos Ω 1 t + Ω 1 2 σ x + gσ z cos ω d t.
In the second stage we move to the interaction picture with respect to the dressed state energy Ω 1 2 σ x , which protects against the magnetic noise. Thus, after using the RWA, assuming 
